The differential diagnosis between meningioma and others tumors can be challenging. This study aimed to evaluate different immunohistochemical markers for the differential diagnosis between meningioma and their morphological mimics. Immunohistochemistry was performed on tissue microarray with antiepithelial membrane antigen (EMA), progesterone receptor, somatostatin receptor 2A (SSTR2A), CD34, STAT6, S100, SOX10, HMB45, MelanA, GFAP, inhibin, and BCL2 antibodies. One hundred and twenty-seven meningiomas, 26 solitary fibrous tumor/hemangiopericytomas (SFT/ HPC), 39 schwannomas, 17 hemangioblastomas, 21 melanomas, 9 gliosarcomas, 5 neurofibromas, 9 peripheral primitive neuroectodermal tumors, 7 synovial sarcomas, and 5 malignant peripheral nerve sheath tumors were included in the microarray. SSTR2A was the most sensitive (95.2%) and specific (92%) marker of meningiomas. In combination, SSTR2A and/or EMA positivity reached maximal sensitivity (100%). Coexpression of SSTR2A and EMA was the most specific (94.8%) for the diagnosis of meningioma, regardless of the grade or subtype, with the exception of the differential diagnosis with synovial sarcoma. All synovial sarcomas were EMApositive and 6/7 SSTR2A-positive. STAT6 showed optimum sensitivity and specificity (100%) for SFT/HPC. SOX10 was the most sensitive (94.3%) and specific (100%) marker to discriminate meningiomas from schwannomas. In conclusion, SSTR2A, STAT6, and SOX10 were the most sensitive and specific markers to distinguish meningiomas from their morphological mimics.
INTRODUCTION
Meningiomas are common neoplasms that originate from archnoidal cells and most often attach to the inner surface of the dura mater. They account for 13%-30% of primary intracranial tumors and 25% of intraspinal tumors; they occur in adults with a median age of 65 years and are predominantly observed in females. The vast majority of meningiomas arise in intracranial, intraspinal, or orbital locations. Intraventricular and epidural meningiomas are uncommon (1, 2) . Rare primary extradural meningiomas have been reported outside the neural axis (2, 3) . According to the World Health Organization (WHO) criteria, meningiomas are classified into 3 grades (2). Grade I meningiomas are the most frequent and are considered as benign with a low risk of recurrence. Grade II meningiomas are less common and have a higher rate of recurrence, and grade III tumors are rare, and are associated with poor overall survival rates.
Meningiomas exhibit a wide range of histological appearances. Among the different WHO subtypes, the most commonly encountered are the meningothelial, fibrous, and transitional meningiomas (2) . While the majority of cases are diagnosed on routine hematoxylin and eosin-stained sections, certain cases can show overlapping morphology with other less common intracranial, intraspinal, or orbital neoplasms that require different treatments. The most common differential diagnoses are schwannomas and other rare meningeal tumors, such as solitary fibrous tumor/hemangiopericytoma (SFT/HPC), predominantly with the fibrous variant of meningioma. Microcystic or clear cell variants of meningioma can overlap morphologically with hemangioblastomas. Anaplastic meningioma can be difficult to differentiate from sarcoma, melanoma, or carcinoma. The diagnosis of meningiomas can be also challenging when they arise in uncommon locations, such as with primary extradural meningioma or as metastases. In these contexts, differential diagnoses depend on the tumor location and morphology. In such challenging cases, immunohistochemistry (IHC) can help to establish a definitive diagnosis.
Currently, the most commonly used IHC markers for the diagnosis of meningiomas are epithelial membrane antigen (EMA) and progesterone receptor (PR), CD34 for the diagnosis of SFT/HPC, and S100 for the diagnosis of schwannoma. However, these markers have suboptimal sensitivities and specificities and vary with regard to the grades or subtype of meningioma (2, (4) (5) (6) . Newer markers such as somatostatin receptor 2A (SSTR2A) for meningiomas, signal transducer and activator of transcription 6 (STAT6) for SFT/HPC, and SRYbox 10 (SOX10) for schwannomas, have recently been shown to have better diagnostic performances than classic IHC markers (5) (6) (7) (8) (9) (10) . These 3 new markers have only been tested separately on intracranial tumors in a few studies.
The aim of this study was to evaluate the sensitivities and specificities of several IHC markers used to differentiate meningioma and their morphological mimics in order to determine the best markers to use in daily practice.
MATERIALS AND METHODS

Cases
A retrospective computer-based search of the surgical pathology database of the University Hospitals of Reims and Nancy was conducted to select patients with intracranial or intraspinal meningiomas of various types and grades, SFT/ HPC of various grades, schwannomas, hemangioblastomas, melanomas (primary or metastatic), gliosarcomas, neurofibromas, and peripheral primitive neuroectodermal tumors ([pPNET] or Ewing sarcoma). Cases of synovial sarcomas and malignant peripheral nerve sheath tumors (MPNST) with epidural or juxta-spinal localization were also included in the study.
Two pathologists who had experience with CNS tumors (C.B.-R., G.G.) reevaluated the diagnoses according to the 2016 CNS WHO criteria (2) . The diagnosis of soft tissues tumors were based on 2013 WHO criteria and confirmed by expert consultation (11) .
A total of 127 meningiomas of various grades (81 grade I, 38 grade II, 8 grade III) and subtypes (22 meningothelial, 19 transitional, 16 fibrous, 5 microcystic, 5 secretory, 10 psammomatous, 4 myxoid, 5 chordoid, and 3 clear cell meningiomas), 26 SFT/HPC of various grades (11 grade I, 6 grade II, 9 grade III), 39 schwannomas, 17 hemangioblastomas, 21 melanomas (3 primary, 18 metastatic), 9 gliosarcomas, 5 neurofibromas, 9 pPNET, 7 synovial sarcomas, and 5 MPNST, were included in the study.
Immunohistochemistry
All tissue samples were analyzed via tissue microarrays (TMAs). For each tumor, 2 cores each with a 2-mm diameter were obtained from the same original formalin-fixed paraffinembedded tumor block. The cores were precisely arrayed into a recipient paraffin block using the MiniCore Tissue Arrayer (Excilone, Elancourt, France). Four micrometer thick sections were cut and mounted on SuperFrost Plus Gold adhesive slides (Thermofisher Scientific, Waltham, MA). Antibodies and dilutions are detailed in Table 1 . One negative and 1 positive control were added onto each slide and for each immunostain. IHC was performed with the BenchMark XT automated slide stainer (Ventana Medical Systems, Tucson, AZ), at the University Hospital of Reims. After deparaffinization, the TMA section was incubated with the Cell Conditioner 1 (EDTA, pH 8.4) for 64 minutes, followed by preprimary peroxidase inhibition, and incubation with the corresponding antibody at 37 C for 8 (PR, S100), 16 (AE1/AE3, CD34, MelanA), 24 (EMA), 32 (GFAP, SOX10, SSTR2A, STAT6), or 60 minutes (HMB45, a-Inhibin). The staining reaction was then performed using the ultraView Universal DAB v3 Kit (Ventana Medical Systems). The counterstain and postcounterstain were comprised of hematoxylin and bluing reagents.
Analysis
Two pathologists (C.B.-R. and C.F.) from the same laboratory reviewed the TMA IHC slides independently. In the event of a discrepancy, a consensus diagnosis was reached after collegial discussion. The 2 cores were scored independently before being paired. If scores for the 2 samples were discordant, the final score for the tumor was upgraded to the higher score. Staining was rated in a binary manner as either positive or negative. All tumors in which the tumor cells either completely lacked immunostaining or showed faint staining in a minority (<5%) of tumor cells were scored as negative. IHC findings were rated as positive when at least 5% of the tumor cells were unequivocally stained in the nucleus for PR, SOX10, and STAT6, in the cytoplasm for AE1/AE3, CD34, GFAP, HMB45, a-Inhibin, MelanA, and SSTR2A, and in the cytoplasm and/or nucleus for S100. Additionally, for PR and SSTR2A, staining was scored semiquantitatively, as previously described by combining intensity score (0, absent; 1, faint; 2, moderate, and 3, strong) and the percentage of positive nuclei for PR (12) or cytoplasm for SSTR2A (13) .
The concordance between the scoring results obtained by the 2 independent investigators was evaluated with the use of contingency tables and by calculation of Cohen's kappa indexes. The sensitivity was considered true positive/(true positive þ false negative) and the specificity as true negative/ (true negative þ false positive). Positive predictive values (PPV) were calculated as true positive/(true positive þ false positive); negative predictive values (NPV) were calculated as true negative/(true negative þ false negative). Categorical variables were compared using the Chi square test. p values less than 0.05 were considered significant. Statistical analyses were performed using Epi Info statistical software version 3.5.4 (Center for Disease Control and Prevention, Atlanta, GA).
RESULTS
A total of 13 markers were tested on 10 different tumor types. Eleven subtypes of meningiomas and the 3 WHO grades were tested. Results are summarized in Tables 2 (all types of tumor) and 3 (meningioma subtypes).
Interobserver Reproducibility
Interobserver agreement assessed by Cohen's Kappa was almost optimum for EMA (0.84), SSTR2A (0.91), SOX10 (0.87), HMB45 (0.91), and MelanA (0.91); substantial for S100 (0.79), CD34 (0.67), and inhibin (0.69); moderate for AE1/AE3 (0.59) and STAT6 (0.52); fair for BCL2 (0.37); and weak for GFAP (0.09).
Meningioma Markers
EMA was expressed by 90% (113/126) of all meningiomas; there was no statistical difference between grades and types (p ¼ 0.75 and 0.23, respectively, v 2 test). EMA was expressed by 24% (6/25) of SFT-HPC, 5% of schwannomas and melanomas (2/39 and 1/21, respectively), and 100% (7/7) of synovial sarcomas.
SSTR2A had a slightly better sensitivity than EMA, with 95% (120/126) positivity in meningiomas, irrespective of the grade (p ¼ 0.23, v 2 test). SSTR2A was diffusely and strongly expressed by almost all meningiomas. SSTR2A was significantly less frequently expressed in fibrous, and myxoid meningiomas compared with other meningioma subtypes (p ¼ 0.004, v 2 test). SSTR2A was expressed by 86% (6/7) of cases of synovial sarcomas, 8% (2/25) of SFT/HPC, 22% (2/9) of pPNET, and 11% (1/9) of gliosarcomas. SSTR2A immunolabeling was significantly more intense and diffuse in meningioma (p < 0.001, Mann-Whitney test) than in other diagnoses (Supplementary Data Tables S1 and S2). PR had a lesser sensitivity than EMA and SSTR2A, with 75% (69/92) positivity in meningiomas. PR expression was grade dependent (p ¼ 0.001, v 2 test), with decreasing expression from grade 1 to grade 3 meningiomas. There was no difference in PR expression between subtypes (p ¼ 0.45, v 2 test). PR expression was also observed in proportions of SFT/ HPC (19%), schwannomas (3%), MPNST (20%), melanomas (5%), synovial sarcomas (43%) and pPNET (22%).
Schwannoma Markers
All schwannomas with the exception of 1 expressed S100 protein (38/39, 97%). The other tumors also expressed S100 protein, although this was to a lesser extent and intensity. In particular, 34% (43/126) of all meningiomas expressed S100. S100 was significantly more expressed in fibrous and psammomatous meningiomas compared with the other sub- Other Markers AE1/AE3 was expressed in 6% (7/116) of meningiomas, and involved predominantly secretory meningiomas (80%, 4/5). Weak and focal positivity was observed in 5% of meningothelial and transitional meningiomas (both 1/19) and in 4% of atypical meningiomas (1/26) . This type of positivity was also observed in 15% (3/20) of melanomas, 11% (1/9) of pPNET, and in 1 grade 3 SFT/HPC. AE1/AE3 was strongly but heterogeneously expressed in 50% (3/6) of synovial sarcomas.
SFT/HPC Markers
Melanoma markers (HBM45 and MelanA) were expressed only in melanomas, with 71% sensitivity for MelanA and 85% for HMB45. Inhibin was expressed only in hemangioblastomas, with a sensitivity of 56%. GFAP was expressed only in hemangioblastomas and gliosarcomas, with a sensitivity of 44% in both cases.
BCL2 was expressed by all tumor types selected for this study, with 40% (2/5) positivity in neurofibromas and 100% positivity in hemangioblastomas (17/17), synovial sarcoma (7/7), and PNET (9/9). BLC2 expression was slightly more intense and diffuse in SFT/HPC than in meningiomas or schwannomas.
Diagnostic Performance of Markers and Panels
The diagnostic performance was estimated for single markers and a panel of markers for the diagnosis of meningioma For the diagnosis of meningioma, the single marker SSTR2A showed the best sensitivity (95.2%), specificity (92%), PPV (91.6%) and NPV (95.4%). All meningiomas expressed at least one of the 2 markers EMA or SSTR2A. Thus, the panel "EMA-positive and/or SSTR2A-positive" showed optimal sensitivity and NPV (both 100%) regardless of the grade, with a specificity of 83.8%. In addition, 107/126 (84.9%) meningiomas expressed both markers concomitantly. The sensitivity of the panel "EMA-positive and SSTR2A-positive" was lower than the panel "EMA-positive and/or SSTR2A-positive" (84.9% vs 100%), but showed a higher specificity (94.8% vs 83.8%).
For the fibrous subtype of meningioma, the single marker EMA-positive had the best sensitivity and NPV (87.5% and 98.3%, respectively). The panel "EMA-positive and/or SSTR2A-positive" showed the best sensitivity and NPV, (both 100%), and the panel "EMA-positive and PR-positive" had the best specificity for fibrous meningioma.
The panels "EMA-positive and PR-positive", "EMApositive and SSTR2A-positive" showed the best specificity, (97.5% and 94.8%, respectively) irrespective of the grade and type of meningioma. Among these 2 panels, the combination "EMA-positive and SSTR2A-positive" had the highest sensitivity. However, these 2 markers were not sufficient to differentiate meningioma from synovial sarcoma. In this situation, AE1/AE3 was able to assist. AE1/ AE3 was expressed by half of the synovial sarcomas assessed, and was rarely expressed in meningiomas, except in the secretory subtype, which showed a characteristic morphology with pseudopsammoma bodies, and thus did not require IHC analysis.
For differential diagnosis with SFT/HPC (Table 5) , STAT6 showed perfect (100%) sensitivity, specificity, PPV, and NPV, and thus was sufficient for use alone to confirm or exclude SFT/HPC. CD34 had good sensitivity (92%) although its specificity was insufficient (73%) to be used alone for the diagnosis of SFT/HPC. For the differential diagnosis of schwannoma (Table 6 ), SSTR2A had perfect (100%) specificity and PPV, and good sensitivity (95.2%). SOX10 had perfect sensitivity and NPV, and good specificity (94.3%) and PPV (98.4%). However, SSTR2A was less sensitive (75%) than SOX10 for fibrous meningioma diagnosis, although it was still specific (100%). Thus, these 2 markers can be used alone or in combination, particularly for fibrous meningiomas, to differentiate schwannoma from meningioma.
According to all the IHC markers diagnostic performance results, we proposed a diagnosis algorithm to distinguish meningioma from their mimics (Fig. 2) . FIGURE 1. Expression patterns of selected antibodies in cases of meningothelial meningioma, SFT/HPC, and schwannoma. The vast majority (>90%) of meningothelial meningiomas show diffuse and strong staining for EMA, PR (progesterone receptor) and SSTR2A. Characteristic positivity for CD34 and STAT6 was observed in cases of SFT/HPC, and for S100 and SOX10 in cases of schwannoma. All photographs were taken at Â 100 magnification. HES, hematoxylin and eosin.
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DISCUSSION
In this study, we analyzed a data set of 13 antibodies in 265 tumors of 10 different types that could be found in the CNS or in the adjacent soft tissue, and that could have overlapping morphologies. Specifically, we focused on IHC performance for the differential diagnosis of meningiomas from their mimics.
SSTR2A was the single most sensitive and specific marker for the diagnosis of meningioma, with good sensitivity (95.2%) and specificity (92%). SSTR2A is a member of the somatostatin receptor family. It was found to be highly expressed in meningioma, and thus its ligand can be used as a scintigraphy tracer. SSTR2A was also assessed as a potential therapeutic target for somatostatin analogue-based therapies in the treatment of meningioma (13, 14) . In our study, SSTR2A IHC expression in meningioma was not grade dependent. However, SSTR2A was less sensitive than EMA for the diagnosis of fibrous meningioma (75% vs 87.5%). In previous studies, SSTR2A has been found to be expressed by 73%-100% of meningiomas (6, 9, 13, 15) . Only 1 previous study has reported that SSTR2A expression was influenced by the grade of meningiomas, with the degree of expression increasing from grade I (54%) to grade III (100%) (13) . In previous studies, IHC and mRNA expression of SSTR2A was also higher in meningothelial and transitional meningiomas than in fibrous meningiomas (6, 16) . In our study, all SSTR2A negative meningiomas, especially those of the fibrous subtype, expressed EMA and inversely all EMA negative meningioma expressed SSTR2A. Thus, the combination of these 2 markers facilitates the detection of all meningiomas. The panel EMApositive and PR-positive were the most specific for the diagnosis of meningioma, although it lacked sufficient sensitivity.
SSTR2A was also strongly expressed by almost all synovial sarcomas (6/7) and sporadically expressed by 8% (2/25) of SFT/HPC, 22% (2/9) of pPNET, and 11% (1/9) of gliosarcomas. Few studies have evaluated SSTR2A expression for the differential diagnosis of meningioma from other tumors with overlapping morphologies such as schwannoma, SFT/HPC, MPNST, melanoma, pPNET, and perineurioma (6, 9, 17) . In these studies, SSTR2A was expressed by 33% of pPNET, 15% of MPNSTs, 15% of SFTs/HPCs, 5% of perineuriomas, and 3% of schwannomas. We are the first to assess SSTR2A expression in synovial sarcomas, gliosarcomas, and hemangioblastomas. SSTR2A was not expressed by glioblastomas and hemangioblastomas, and thus can be helpful to distinguish these tumors from meningiomas, especially in cases of anaplastic, clear cell, or microcystic subtypes. However, almost all synovial sarcomas expressed SSTR2A. Thus, SSTR2A, like EMA, is not a useful marker to distinguish meningioma from synovial sarcoma. In this infrequent differential diagnostic situation, AE1/AE3 IHC is useful. Indeed, in our study, AE1/AE3 was expressed by half of the synovial sarcomas and rarely expressed by meningiomas, except those of the secretory subtype. No fibrous meningioma expressed AE1/AE3. However, identification of the translocation t(X;18)(SS18-SS1/2) is the most specific test for the diagnosis of synovial sarcoma, and should be systematically performed when synovial sarcoma is suspected (18) .
Recently, the NAB2-STAT6 gene fusion has been identified as the molecular hallmark of SFT/HPC (19) (20) (21) . The detection of nuclear relocation of STAT6 with IHC indicates the presence of the NAB2-STAT6 fusion or other alterations involving STAT6, and can helps to discriminate SFTs from histological mimics (22) . STAT6 IHC is a valuable and highperforming tool for the indirect detection of this gene fusion. STAT6 IHC was evaluated in meningeal SFT/HPC in 2 studies (7, 23) and in meningiomas in 1 (7). In our study, STAT6 showed perfect (100%) sensitivity, specificity, PPV, and NPV. Thus, this single assessment is sufficient for the diagnosis or exclusion of SFT/HPC. In previous studies concerning meningeal SFT/HPC, STAT6 IHC had good (94.6%) to perfect (100%) sensitivity and a perfect (100%) specificity (7, 10, 23) . Among the different studies on meningeal SFT/HPC and meningiomas, NAB2-STAT6 fusion has been found in only 1 case of meningioma. This case was a grade III meningioma with an unusual histological appearance and immunophenotype of both meningioma and SFT/HPC (24) . STAT6 IHC was not performed for this case.
For the differential diagnosis between meningioma and SFT/HPC, CD34 had, in our study, good sensitivity (92%) but insufficient specificity (73%). As in previous studies, CD34 was more frequently expressed in grade I (SFT type) than in grade II (HPC type) SFT/HPC (23) .
As in a previous study (25) , BCL2 positivity was not specific of SFT/HPC, as expression was observed in all the tumors tested.
In our study, SOX10 was the single most sensitive and specific marker to differentiate schwannoma from meningioma, showing good sensitivity (94%) and perfect specificity and PPV (100%). S100 was very sensitive (97%) but lacked specificity, especially for the differentiation between fibrous meningioma and schwannoma (19%). SOX10 is a neural crest transcription factor crucial for the specification, maturation, and maintenance of Schwann cells and melanocytes. In our study, SOX10 was expressed by almost all schwannomas (33/ 35, 94%), neurofibromas (4/5, 80%) and melanomas (17/20, 85%). Only 1 of the 5 MPNSTs (20%) expressed SOX10. None of the meningiomas, SFT/HPC, gliosarcomas, or synovial sarcomas expressed SOX10. Thus, this marker had optimum specificity and PPV to differentiate schwannoma from these entities. In previous studies (5, 8, 26) , SOX10 was expressed by 98.7%-100% of schwannomas, 100% of neurofibromas, 87%-97% of melanomas, and 20%-67% of MPNST. The highest percentage of positivity for MPNST was obtained in a study using whole slide sections for IHC (27) . Other studies (8, 26) using TMA had 21%-30% SOX10 positivity, as in our study. Thus, TMA could underestimate SOX10 positivity. SOX10 expression had been assessed in meningiomas in 2 previous studies. In one of these studies, similar to the results of our study, none of the 219 meningiomas expressed SOX10 (8) . In the remaining study, 4 (1 fibrous, 3 other subtypes) of the 166 meningiomas expressed SOX10. Thus, this marker appears to be highly specific for the distinction of schwannoma from its mimics, with the exception of melanomas.
We evaluated other markers that could be useful for the distinction of meningioma from other mimics, such as melanoma, hemangioblastoma, gliosarcoma, and pPNET. For melanoma, HMB45 and MelanA showed good sensitivity and perfect specificity, and thus can be used in combination with SSTR2A and/or EMA to distinguish melanoma from meningioma.
SSTR2A, EMA, and PR were rarely expressed by gliosarcomas, and pPNET. In 1 previous study regarding meningeal pPNET, none of the cases expressed EMA (28) . SSTR2A and PR were not evaluated. In this study, all cases of pPNET expressed FLI1, which is a specific marker for PNET.
GFAP positivity can help to identify glioblastoma components in gliosarcomas. In the present study, only half of the cases showed GFAP positivity. This lack of GFAP expression may be due to the selection of the sarcomatous components for TMA construction.
None of the hemangioblastomas expressed EMA, SSTR2A, or PR. Moreover, in our study, inhibin was exclusively expressed by hemangioblastomas. However, slightly more than half (56%) of hemangioblastomas expressed this marker. In previous studies, inhibin was found to be expressed in 88%-100% of hemangioblastomas (29) (30) (31) (32) (33) . This difference may be due to a patchy inhibin expression observed in some hemangioblastomas (33) . Only 1 study assessed inhibin expression in meningiomas (29) . In these studies 14 of 20 meningiomas expressed inhibin. This discrepant result regarding inhibin expression in meningiomas requires clarification in future studies.
In conclusion, when considering the diagnosis of meningeal SFT/HPC vs meningioma, we recommend determining the expression of STAT6 as the first step. When considering a diagnosis between schwannoma and meningioma, SSTR2A or SOX10 IHC can be used alone or in combination as the initial assessment. For other differential diagnoses, SSTR2A alone or in combination with EMA are the most specific markers for the diagnosis of meningioma, with the exception of meningioma vs synovial sarcoma. Other specific IHC markers such as SOX10, MelanA, or HMB45 for melanoma, and FLI1 for pPNET, could be combined with SSTR2A or EMA. In our study, inhibin had excellent specificity for the differential diagnosis of meningioma vs hemangioblastoma; however, another study found discrepant results. Thus, in this situation, we recommend the use of SSTR2A and/or EMA first.
